We report on the micromachining of silicon microlens structures by use of scanning-probe gray-scale anodic oxidation along with dry anisotropic etching. Convex, concave, and arbitrarily shaped silicon microlenses with diameters as small as 2 m are demonstrated. We also confirm the high fidelity of pattern transfer between the probe-induced oxides and the etched silicon microlens structures. Besides the flexibility, the important features of scanning-probe gray-scale anodic oxidation are small pixel size and pitch (of the order of tens of nanometers), an unlimited number of gray-scale levels, and the possibility of creating arbitrarily designed microlens structures with exquisite precision and resolution. With this approach, refractive, diffractive, and hybrid microlens arrays can be developed to create innovative optical components. were successfully developed for application in micro light-emitting diodes. It was also proposed that microlens arrays can be combined with the techniques of laser trapping and cooling for quantum information processing of atomic matter waves. 6 Traditionally, resist reflow is one of the most commonly used approaches for microlens fabrication. In this approach a layer of cylindrical resist island (created by photolithography) is heated to above the melting temperature, thereby allowing the resist island to form a truncated-sphere shape. Refractive microlenses can then be fabricated by solidification of the reflowed resist while it is cooling down along with optional anisotropic etching using the resist microlens as the etch mask. However, in the reflow approach the achievable shapes and focal lengths of refractive microlenses are limited by the resist island properties (surface tension of the melted phase, resist island diameter and thickness, etc.).
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1,2 Furthermore, it is not possible to use a single photomask (in the alternative technique of binary optics, multiple masks and lithographic steps are required to generate a quasi-gray-scale resist) 1,2 to fabricate arbitrarily shaped surfaces required for diffractive or hybrid microlenses.
Direct-writing techniques with a focused electron or laser beam can overcome the drawbacks of the reflow technique by directly producing gray-scale resist masks and have a major attraction in their flexibility in fabricating microlenses. Direct-writing techniques typically involve a direct-writing step such that purposely profiled micro relief structures (gray-scaled resist masks) can be fabricated under computer control from relief data obtained by optical design procedures. In this Letter we report a new microlens fabrication technique utilizing atomic force microscope (AFM) local anodic oxidation under ambient conditions. 7 Recently, the AFM local oxidation technique combined with dry or wet anisotropic etching was developed into a versatile nanomachining tool. [8] [9] [10] [11] With the AFM gray-scale oxidation technique reported here, refractive, diffractive, and hybrid microlens profiles can be created by means of programming the oxidation voltage between the AFM tip (cathode) and the substrate (anode) while scanning the tip across the surface, thus creating gray-scale (in terms of oxide height, which has an unlimited number of gray levels) surface oxide patterns for subsequent pattern transfer. Through the large difference between etch rates of AFM-oxidized and unoxidized surface regions in anisotropic dry-etching processes, e.g., reactive ion etching (RIE) or inductively coupled plasma etching, we can create arbitrarily designed microlens structures. Compared with previous directwriting methods, the capability of profile control such as minimum pixel size and pitch (as small as 10 nm; see Ref. 12 ) is much better.
Local gray-scale oxidation was performed with a commercial AFM system (SPA-300HV, Seiko Instruments) operated in contact mode, and AFM probes with a force constant and resonance frequency of approximately 2.8 N / m and 70 kHz, respectively, were used. The experiments were done in air at room temperature, and the ambient humidity was ϳ60%. In this work, Si was chosen as the microlens material because of its transparency in the infrared, including the important 1.3-1.55-m wavelength range for optical fiber communication. Si substrates were cut from a Si(100) wafer (boron doped, resistivity Ϸ15 ⍀ cm) covered by a thin native SiO 2 layer. The process to produce a gray-scale oxide relief on the surface of the Si(100) substrate was controlled by a separate probe-oxidation controller. When the AFM tip scanned to the first pixels of scanning lines on the target area, the AFM controller synchronously sent a voltage pulse to trigger the probe-oxidation controller. In response, the probe-oxidation controller output a train of oxidation voltage pulses to the Si(100) sub-strate, as shown in Fig. 1(a) . A preprogrammed output-voltage matrix (512ϫ 512 in size) was saved in the controller for the surface oxide patterning. One sample shown in Fig. 1(b) , can be used to produce truncated spherical microlenses. The scanning speed of the AFM tip was typically ϳ4 m / s, corresponding to a patterning time of ϳ20 min for a 10 m ϫ 10 m scanning area. Because the predictive relation between oxidation voltage and oxide height fell within the range of oxidation voltage used in the experiments, 12, 13 we could control the required oxide patterns and final microlens profiles by using the programmed voltage matrix. The dry-etching process was performed with a RIE instrument (Plasmalab 80 Plus, Oxford Instruments). The Si(100) substrates were etched with a SF 6 /O 2 plasma. In our experiments we found that the etched Si microlens profile corresponds well to the oxidation voltage profile with a linear relation, as shown in Fig. 1(c) . This is an important relation that we could take advantage of in fabricating the Si microlens. The range of oxidation voltage used here for such a linear correspondence is from 3 to 10 V because the threshold oxidation voltage is approximately 3 V.
Figure 2(a) shows three sizes of fabricated microlenses with diameters of 2, 3, and 4 m. Assuming that the geometry of the microlenses is a spherical cap, we could calculate the focal lengths of the planoconvex microlenses with the following equation:
where f is the focal length and R and n are the radius of curvature and refractive index of the microlens, respectively. The curvature of radius R can be estimated from the measured values of radius r (at the substrate surface) and height h of the microlens with the relation
The refractive index of silicon is ϳ3.47 at a wavelength of 1.55 m. With the AFM-measured microlens dimensions (r and h) the focal lengths can be calculated as 4, 9, and 16 m for the three microlenses (from smallest to largest) shown in Fig. 2(a) . This result demonstrates that one can fabricate different sizes of microlens at one step using the AFM technique. Figure 2 (b) shows an example of a concave microlens with a diameter of 4.5 m. A concave microlens can be used as a mold to press a resist capping on the substrate (a means of pattern replication using soft lithography). It is more difficult to fabricate a concave microlens with the conventional processes of photoresist reflow, microjet fabrication, or photosensitive glass. In contrast, the combination of AFM oxidation and RIE anisotropic etching is a good way to fabricate both convex and concave microlenses. Figs. 1(a) and 1(b) ], and the lower curves of each profile set are the silicon microlens profiles from RIE. The difference in the surface roughness of AFM oxides is due to the properties of the initial Si substrate surfaces and the individual AFM probe tips used for patterning. Because RIE is an anisotropic etching process with the etching direction perpendicular to the sample surface, the etched microlens profile corresponds well with the oxide profile by AFM. Another advantage of the AFM method for fabricating microlenses is that the average surface roughness of etched microlenses is small (below a few nanometers). On the concave microlens [ Fig. 2(b) ], the surface roughness of the AFM oxide pattern is approximately 0.4 nm. After the RIE process, the surface roughness of the concave microlens is approximately 1.2 nm. On the convex microlens [ Fig. 2(c) ] the surface roughness of the AFM oxidation pattern is approximately 0.2 nm. After RIE, the surface roughness of the convex microlens is approximately 4 nm.
The single oxide linewidth determines the required number of oxidation lines to be used to make smooth AFM oxide patterns. The oxide linewidth was found to correlate with the ambient humidity, the probe scan speed, and the geometry of the tip. Furthermore, the surface roughness of the etched microlens also depends on the etching parameter and etching time. Therefore both the AFM oxidation conditions (voltage range, scan speed, number of scan lines, pixels per line, humidity, etc.) and the etching conditions (plasma parameters, etching time, etc.) must be optimized to obtain the best results.
For the purpose of practical applications, fabrication of a microlens array is necessary. Figure 3(a) [scanning electron microscopy (SEM) images] shows an example of a microlens array (lower part is an enlarged SEM image) fabricated by this method. The diameter of an individual microlens is ϳ3 m, and the microlens height is ϳ180 nm. We calculate that the focal length of an individual microlens is 2.57 m using Eqs. (1) and (2). The AFM-measured surface roughness of the microlens array is ϳ1 nm.
As a proof-of-concept experiment, we designed a special oxide pattern using the following oxidation voltage function (units of volts):
where r = ͑x / 2.5͒ 2 + ͑y / 2.5͒ 2 (units of micrometers) is the radial distance from the lens center. Figure 3 (b) (SEM image) shows that the finished silicon structure from AFM patterning and RIE is of high fidelity. This example demonstrates that with AFM oxidation and dry etching one can fabricate an arbitrarily shaped three-dimensional silicon structure by design. The resulting silicon structure is a continuous grayscale structure. In contrast with the discrete structures in binary optics, continuous gray-scale structures could decrease the diffractive luminosity loss and are important for optical device applications. To demonstrate the focusing capability of fabricated Si microlenses, in Fig. 3(c) we show an infrared optical image taken at the focal plane of an 8-m-diameter 1 ϫ 3 microlens array. This optical image was taken in the wavelength range 0.7-2.2 m with an infrared camera and a 50ϫ near-infrared objective lens.
In conclusion, we have demonstrated that AFMbased gray-scale oxidation can be applied to fabricating silicon microlenses. Besides silicon, this technique can be applied to other material systems. Extra freedom in the fabrication process can be achieved if an additional mask (e.g., a silicon nitride layer) is used to cover the substrate. 10 With this gray-scale approach, refractive, diffractive, and hybrid microlens arrays can be developed to create innovative microoptical components. 
